Osteoclasts are known to be formed by fusion of circulating mononuclear precursor cells which originate from haematopoietic stem cells. The precise mechanisms regulating the cell-cell fusion of these circulating cells to multinucleated osteoclasts remain unclear.
Introduction
Osteoclasts are unique multinucleated cells responsible for mineralized bone resorption. It has been shown that human osteoclast precursors reside in the monocyte fraction and exhibit a monocyte/macrophage phenotype [1] . During the differentiation of osteoclasts, the cellcell fusion step is critical as osteoclasts can efficiently resorb bone only after they become multinucleated [2] . Recent studies reported that dendritic cell-specific transmembrane protein (DC-STAMP) played an essential role for the process of fusion of mouse osteoclast multinucleation [3] , but little is known regarding human osteoclasts [4] . Investigating the process of the fusion of osteoclast precursors will provide substantial aid in understanding human osteoclast biology. In the present study, we collected human peripheral blood mononuclear cells (PBMNCs), and treated them with macrophage-colony stimulating factor (M-CSF) and receptor activator of nuclear factor (NF)-κB ligand (RANKL) to observe of the process of osteoclast fusion.
Experimental Procedures

Preparation of PBMNCs
Human peripheral blood was collected from healthy donors in vacuum tubes anti-coagulated by heparin. Informed consent was obtained before blood aspiration, under a protocol approved by the ethical committee of Fujian Medical University. Buffy coats from peripheral blood were diluted in phosphate buffered saline (PBS,
1:1 v/v), and carefully layered on Ficoll-Paque Liquid (density 1.077 g/ml) before centrifugation (400 g for 30 min). The PBMNCs layer was collected and then washed with PBS followed by centrifugation (140 g for 10 min). The wash was repeated twice and the cells were re-suspended in α-minimum essential medium (α-MEM) (Gibco, UK) containing 10% (v/v) fetal bovine serum (FBS), 100 units/ml penicillin (Sigma-Aldrich), and 100 μg/ml streptomycin (SigmaAldrich). Cell concentrations were determined via a haemocytometer.
In vitro culture of PBMNCs
To investigate the formation of osteoclast cells from peripheral blood, PBMNCs were seeded in 24-well tissue culture plates at a density of 1×10 6 per well, and 96-well plates at a density of 2×10 6 per well. In 96-well plates, cell density was doubled in order to better observe the bone resorptive activity of osteoclasts. Glass coverslips were placed at the bottom of the 24-well culture plastes and dentine slices (Immunodiagnostic Systems Ltd., Bolton, UK) at the bottom of the 96-well plates. After 2 h of incubation at 37°C at 5% CO 2 , the glass coverslips and dentine slices were taken out and washed with PBS twice to remove nonadherent cells. The remaining adherent cells on the coverslips and dentine slices were placed in new culture plates for further incubation. Culture medium was α-MEM supplemented with 10% FBS, 100 units/ml penicillin, and 100 μg/ml streptomycin, 30 ng/ml M-CSF (Peprotech, USA) and 40 ng/ml RANKL (Peprotech, USA). Culture medium was replaced every 3 days. The morphological features of the adherent cells were observed with an inverted microscope (Olympus, Tokyo, Japan).
Tartrate-resistant acid phosphatase (TRAP) staining
At 14 days after induction, PBMNCs on glass coverslips were analyzed for TRAP staining. Cells were fixed in acetone and stained for TRAP using a leukocyte acid phosphatase kit (Sigma-Aldrich). Briefly, PBMNCs on glass coverslips were fixed for 30 s at room temperature with a fixation solution containing citrate solution, acetone and formaldehyde. Fixed cells were washed twice with prewarmed deionized water, stained with 500 μl TRAP staining reagent and incubated in the dark for 60 min at 37°C. Cells were then counterstained with hematoxylin for 2 min, and washed twice with deionized water. Glass coverslips were air-dried, and photographed under a light microscope (Olympus, Tokyo, Japan) with a digital camera (Canon, Japan).
Functional characterization of cultured PBMNCs
Functional characterization of osteoclasts was performed using an in vitro lacunar resorption assay systems to indicate the formation of lacunae on dentine slices, a process which includes toluidine blue staining and scanning electron microscopy (SEM) with a Phillips SEM 505 (Phillips, the Netherlands). After 21 days of incubation in 96-well plate, dentine slices were washed twice in PBS, placed in 0.1% Triton for 5 min, and then cleaned by ultrasonication to remove adherent cells. After being rinsed in distilled water, the dentine slices were stained with 1.0 % (v/v) toluidine blue in PBS.
The stained dentine surfaces were imaged with a light microscope. For SEM examination, the dentine slices were treated by 0.1% Triton, cleaned by ultrasonication, dehydrated through graded ethanol, air-dried, and then mounted on SEM stubs (Agar Scientific Ltd, UK) for gold coating prior to examination.
Real-time reverse-transcription polymerase chain reaction
Isolated PBMNCs (2×10 6 /well) were cultured in the presence of M-CSF (30 ng/ml) for 14 days with or without RANKL (40 ng/ml). Total RNA was purified using the RNeasy Mini Kit (Qiagen, Hilden, Germany), as per manufacturer's instructions. The concentration of RNA was assessed using the Nanodrop Spectrophotometer (Nanodrop Technologies, Wilmington, DE). Complementary DNA (cDNA) was synthesized with a reverse-transcriptase cDNA synthesis kit (Promega, USA) using the Oligo(dT)15 primers.
Real-time PCR was performed on ABI PRISM 7000 sequence detecting system (Applied Biosystems, Foster City, CA, USA) using SYBR Green Master mix (TAKARA, Japan). Gene-specific primer pairs spanned at least one intron to avoid any possibility of contaminating signals arising from trace amounts of contaminating genomic DNA. The corresponding primers used are listed below. β-actin (214 bp): Forward 5'-TCG TGC GTG ACA TTA AGG AG-3', Reverse 5'-AAG GTA GTT TCG TGG ATG CC-3'. DC-STAMP (225 bp): Forward 5'-GAG CAA GCA GTT TCA AAG C-3', Reverse 5'-GCA TAA GGA AGA GGA CAA CAG-3'. The PCR reactions were performed with cDNA in a total volume of 20 μl containing SYBR Green Master mix, and 200 μM of each primer. Experiments were performed in triplicate for each gene. Cycling parameters were the following: 1) preheat at 95°C (15 s), 2) 40 two-step cycles of 95°C (5 s) and 64°C (30 s). Subsequently, the PCR products were analyzed by melting curve analysis and subjected to agarose gel electrophoresis to exclude any unspecific PCR products. The relative mRNA expression of DC-STAMP was normalized to the housekeeping gene β-actin and was calculated using 2 -∆∆Ct method described by Livak et al. [5] .
Results
Morphological features of the adherent cells during the culture period
Cells, 24 h after adhering to plates, were scattered, circular-shaped, small and homogeneous in size with centrally located nuclei (Figure 1a) . By day 3, however, cells had became larger, and the majority of them were mononucleated, although a few cells exhibited two or three nuclei, possibly through cell-cell fusion among mononucleated cells (Figure 1b) . Adherent cells at this time point were primarily round or elliptical, and some were spindle-shaped. As time progressed, cell size increased, and the appearance became less homogeneous, as they were round, spindle-shaped, or infundibulate. Some had prominent nuclei. Spindle cells stretched out the parapodium in their terminal. Vacuoles of different sizes could be seen in the cytoplasm. After 21 days of incubation, the adherent cells were aging and appeared to die gradually as they shrank, became round and detached (Figure 1d ).
TRAP staining
Morphological characteristics of the TRAP positive cells were different from those without TRAP (Figure 2 ). TRAP positive cells were much larger, with numerous nuclei and prominent nucleoli. They concentrated in the center of coverslips. Purplish red vesicles were observed in the cytoplasm of multinucleated cells.
Lacunar resorption by M-CSF/RANKLinduced osteoclasts
A number of large and well-defined resorption pits were formed on dentine slices, on which cultured PBMNCs adhered. After staining with toluidine blue, resorption pits exhibited blue, with different shapes such as round, ellipse, sausage-like, or irregular. However, in areas other than those pits, no toluidine staining was observed (Figure 3a) . Examination by scanning electron microscopy demonstrated resorption pits with characteristics of osteolytic destruction, with clear edges, cavities and unequal depths (Figure 3b ).
DC-STAMP gene expression
Both housekeeping gene β-actin and DC-STAMP were successfully amplified by Real-time PCR technique after culturing PBMNCs for 14 days in the presence of M-CSF or M-CSF and RANKL (Figure 4a,b) . There was a 16.1-fold increase in the mRNA expression level of DC-STAMP after culturing PBMNCs with M-SCF and RANKL compared to M-CSF alone (Figure 4c ). In the melting curve analysis of β-actin and DC-STAMP (Figure 4d ), melt peaks showed single product present for all Real-time PCR assays. Note that primer dimer was never detected in either melt-curve analysis or gel electrophoresis. The predicted length of each product was previously confirmed by agarose gel electrophoresis (Figure 4e ).
Discussion
Our results indicate that the combination of M-CSF and RANKL can induce the formation of resorbing osteoclasts in human PBMNCs, as has been demonstrated previously [6, 7] . The presence of M-CSF is required for osteoclastogenesis and M-CSF modulates proliferation, differentiation and survival in early osteoclast precursors [2] . RANKL is another essential cytokine for osteoclastogenesis. Through its receptor RANK, it promotes osteoclast development. In our culture system, we observed that PBMNCs differentiated into multinucleated osteoclasts through cell-cell fusion of mononucleated cells. After 14 days of treatment with M-CSF and RANKL, a number of cells were found to be TRAP positive, the characteristic marker of osteoclast. These cells also had many prominent nuclei in each cell. Consequently, we believe cell-cell fusion of osteoclasts was almost complete at this point. Osteoclasts can only efficiently resorb bone after multinucleation. Our research supports the hypothesis that cell-cell fusion is an essential step in osteoclasts development and therefore may be a target for treating osteoclast related diseases. Future work should focus on elucidating the molecular mechanisms regulating the cell-cell fusion of osteoclasts.
DC-STAMP is a seven-transmembrane protein originally identified in dendritic cells and has no sequence homology with any other protein or multimembranespanning receptor [8] . Recent studies indicated that DC-STAMP may play a key role in the process of fusion of osteoclast precursors. For example, Kukita and colleagues reported that targeted inhibition of DC-STAMP by small interfering RNAs and specific antibody markedly suppressed the formation of multinucleated osteoclast-like cells, and that overexpression of DC-STAMP enhanced osteoclastogenesis in the presence of RANKL [3] . Yagi and colleagues demonstrated, via gene targeting techniques, that DC-STAMP is also essential for the fusion of osteoclast precursor cells [9] : DC-STAMP-deficient mice developed mild osteopetrosis, which was ascribed to the defect in the fusion of osteoclasts [9] . Although these studies suggest that DC-STAMP is essential for cell-cell fusion in osteoclasts, their results came mainly from murine origin cell lines and gene-deficient mice. Up to now, little information has been available on DC-STAMP expression in human osteoclasts [4] .
This study is the first to detect DC-STAMP expression in RANKL-induced human osteoclasts through Realtime PCR technique. DC-STAMP expression level increased 16.1-fold after culturing PBMNCs for 14 days in the presence of M-CSF and RANKL when compared to M-CSF alone. Besides, more TRAP positive cells were found in the center of the coverslips than in the peripheral part. We hypothesized that RANKL induced not only osteoclasts differentiation but also DC-STAMP expression. Recent studies showed that DC-STAMPexpressing osteoclasts may release chemotactic factors to recruit osteoclast precursors [10, 11] . Thus, we suppose that DC-STAMP-expressing osteoclasts are master fusing cells. They can fuse with either DC-STAMP positive cells or negative cells. Whether DC-STAMP ligands trigger cell-cell fusion directly or through the expression of another unknown molecules mediating fusion is under investigation [12] .
A clear understanding of how DC-STAMP's action in the fusion process of human osteoclast precursors will help us learn more about osteoclast biology and provide a possible future therapeutic target against osteoclast related diseases.
